Unbalance response and stability analyses of a flexible rotor on three lobe journal bearings on flexible supports are presented. The influence of the support structure was included in the analyses using polynomial transfer functions. These transfer functions were extracted from measured dynamic compliance data of the support structure, measured at the bearing locations. Numerical predictions using polynomial transfer functions and single mass supports are compared to the experimental data. Predictions using the transfer function representation of the support structure show a clear improvement over the predictions using single mass supports without over-complicating the problem. The predicted critical speeds are within 2.9% of the measured critical speeds. The predicted stability threshold agrees with the measured stability threshold within 1%. The effects of cross talk between supports and cross coupling between horizontal and vertical directions are investigated. The cross talk between supports was found to have a strong influence in the results while the influence of cross coupling between the vertical and horizontal directions is negligible.
INTRODUCTION
The work presented in this paper is part of a larger study of the influence of flexible bearing supports on unbalance response and stability of rotating machinery (Vizquez, 1999) . In this study, a flexible rotor is supported by two fluid film bearings on flexible supports. The dynamic behavior of the support structure is measured experimentally and included into the numerical analysis as polynomial transfer functions. One set of tilting pad bearings and two sets of three lobe bearings were used in conjunction with 15 support configurations. The rotor was tested for unbalance response and stability on all support configurations and the three sets of fluid film bearings. It was not possible to drive the rotor unstable with the set of tilting pad bearings for the speed range of the experimental apparatus and only unbalance response was measured for this set of bearings.
This paper presents details for one of the support configurations used by Vfizquez (1999) with one of the set of three lobe bearings. Vizquez summarized the results for this support configuration but no details were given. The analysis was also extended to include a study of the effects of cross coupling between vertical and horizontal directions and cross talk between supports. The study started as an extension of the. work by
Lanes and Flack (1982) . There, the authors carried out an experimental study of the effects of threelobe bearing geometry on rotor stability. The experimental apparatus used for those experiments was very similar to the one used here. The stability thresholds were calculated assuming rigid supports and compared with the experimental data. In all cases, the stability analysis under-predicted the measured stability threshold. It was proposed that the support flexibility was responsible for the difference. However, the analytical tools to include the support flexibility were not available at the time. Gash (1976) had proposed a method to include support flexibility into rotordynamic analyses. However, the method worked for unbalance response but was not suitable for stability analyses. Hashish and Sankar (1984) . This provided an improvement in the modeling of the supports but this new technique could not be used for stability analyses. Later, Rouch et al. (1989) presented some work where experimental frequency response functions (FRFs) were used to model the foundation of a rotor system for forced response analyses. The analysis was carried out using the finite element approach and the foundation characteristics were included frequency by frequency. Redmond (1995 Redmond ( , 1996 showed that under certain circumstances, substantial errors might occur when employing measured support data from impedance tests with the rotor installed. A method was included to subtract the dynamic effect of the rotor under these circumstances. The support models were represented by single mass systems.
Lees et al. (1998) and Feng and Hahn (1998) presented methods to obtain foundation dynamic characteristics from machine unbalance response.
Vfizquez and Barrett (1998, 1999) presented a method to include the dynamic characteristics of bearing supports using transfer functions. These transfer functions could be calculated from measured frequency response functions, mode shape information or physical models of the support structure. The support transfer functions can be used in unbalance response and stability analyses. The experimental work presented by Vfizquez (1999) complements the development of the analytical tools and shows that polynomial transfer functions can be used successfully to represent flexible supports of rotating machinery.
EXPERIMENTAL APPARATUS
The test apparatus has been fully described by Vfizquez (1999) and Vfizquez et al. (1999a, b) . For the sake of brevity, only the most important details will be repeated. The test apparatus consists of a flexible shaft with three rigid disks equally spaced between two three-lobe bearings on anisotropic flexible bearing supports. The rotor has a maximum diameter of 25. Table I shows the characteristics of the bearings while Figure 2 shows the calculated eight linear bearing stiffness and damping coefficient (Branagan, 1988 ends. It was constructed of aluminum. The oil drained from the bearing housing passed through drainpipes in the flexible element to the oil reservoir located under the assembly. Figure 3 shows a detail of the bearing housing with the flexible element. Figure 4 shows the design of the flexible support element with the stiffening plates. Changing the stiffening plates parametrically varies the horizontal stiffness of the support element. The stiffening plates used in this work were made of aluminum with a width of 63.5 mm and a thickness of 3.175 mm. 
SUPPORTS FREQUENCY RESPONSE FUNCTIONS
Equation (6) [Ks]-[G(0)]-' (7) This calculation of the support stiffness is approximate and depends on the validity of the extrapolation. The assumption is that the transfer function of the supports is well behaved outside the range of the experimental data.
The value for the support damping was assumed to be zero. This is also a common practice since the estimation of the damping is very difficult.
The support stiffness to bearing stiffness ratio for support is between 0.16 and 0.23 for the horizontal direction and between 3.96 and 9.80 for the vertical direction. For support 2, the support stiffness to bearing stiffness ratio is between 0.23 and 0.34 in the horizontal direction and between 3.36 and 8.33 for the vertical direction.
SUPPORT STIFFNESS IN ROTORDYNAMIC ANALYSES
The previous two sections developed the calculation method of the equivalent support stiffness matrix. This matrix has the same form for the single mass supports and the transfer function representation. This section will show how to include this matrix into rotordynamic analyses. We will assume that the reader is familiar with rotordynamic analysis in general and the generation of the dynamic matrices for a rotor supported on fluid film bearings (Ehrich, 1992 Figure 9 shows the measured and predicted was 3.5rad/s 2. For each unbalance distribution, unbalance response near the right disk for an the unbalance response was measured twice. The unbalance of 22.86 g-mm at 30 (lead) on the left second time, the unbalance weights were located disk and an unbalance of 22.86g-mm at 210 180 from the original location. The unbalance (lead) on the right disk. This unbalance distriburesponse of the rotor due to the applied unbaltion was designed to excite the second critical ance distribution is obtained by subtracting the speed. This figure shows the second critical speed response of the second run from the response at 5100rpm. Coupling with the first mode of of the first run and dividing the result by 2.
vibration of the rotor causes the small response at This operation eliminates the effects of mechanical 2580 rpm. and electrical run-out, shaft bow and residual
The predicted response using the single mass unbalance, supports fails to accurately predict the second Figure 8 shows the measured unbalance recritical speed of the rotor, the second critical sponse near the center disk for an unbalance of speed was predicted at 10030rpm. In the range 8.92g-mm located at 225 (lead)on the center of interest, this model predicts a response at disk. This unbalance was designed to excite the 2910rpm. first critical speed of the rotor. This figure shows The analysis using all the transfer functions three peak responses. The Figure 10 shows the spectral map of the displacement signal at the center disk during run-up. The stability threshold was defined as the speed where sub-synchronous vibrations were self-sustained and grew in time. The definition of the stability threshold is important in this case because the system is lightly damped. Under this condition, sub-synchronous vibrations may be present but the overall vibration of the system does not increase in time. Figure 10 shows the synchronous vibration (1X) and the vibration at two times the running speed (2X). The instability threshold is clearly marked in the figure. Figure 11 shows the stability map calculated for the rotor bearing system using different support models. The instability threshold was defined as the speed at which the logarithmic decrement of one or more of the eigenvalues of the system was zero. The logarithmic decrement is defined as:
COd where p and aa are the real and imaginary parts of the eigenvalue (defined in Eq. (12)).
The stability threshold measured from Figure 10 is included in Figure 11 Frequency response functions of the support structure were measured at the bearing locations with the rotor removed. Polynomial transfer functions were calculated from these frequency response functions and used to represent the support structure in rotordynamic analyses. Numerical analyses using polynomial transfer functions agreed with the experimental data. The first critical speed was calculated within 1.6% of the measured critical speed. The second critical speed was calculated within 2.9% of the measured speed. The stability threshold of the rotor was calculated within 0.9% of the measured stability threshold and within the experimental uncertainty.
Cross coupling between the X and Y directions does not have a large influence in the calculated results. On the other hand, cross talk has an important effect in the prediction of the second critical speed and stability threshold.
For comparison purposes, the supports were modeled using single mass supports. The models were created using the mass of the bearing and bearing housing and the estimated static stiffness of the supports. These models failed to capture the support effects for unbalance response and stability.
